Observations were made of silver electrodeposited from a cyanide bath onto the (110) plane of a silver single crystal in the presence of chloride ions. At lower current densities the morphology of the silver deposit changes in the presence of chloride ions. At higher current densities hydrogen is evolved at the cathode, resulting in a nodular rough deposit for higher chloride ion concentrations.
Introduction
It is known that the formation of coarse crystalline dendrites and powdery deposits is favoured by anions [1] . The effects of anions depend on their molecular polarization. Studies have been made of the influence of common salts such as phosphates, sulphates, chlorides and hydroxides on the growth habit of silver electrodeposited from a cyanide bath onto polycrystalline surfaces [2] . The addition of potassium nitrate [3] has led to the plating bath with modified proportions of cyanide and carbonate that is used in some industrial silver electroplating processes. However, there have been very few systematic investigations of the effect of anions on the growth habits of electrodeposits on silver single-crystal faces.
The purpose of this study was to examine the morphological changes in silver deposited onto the (110) face of a silver single crystal from a cyanide bath in the presence of various concentrations of chloride ions at various current densities. We attempted to correlate kinetic parameters such as b and i 0 with the growth habit modification.
Experimental
The experimental procedure has been described in detail elsewhere [4] . An atomically smooth (110) face (checked by X-ray diffraction) was prepared by electropolishing in a bath containing 35 g 1 1 AgCN, 30 g I ~ KCN and 38 g 1 i K2CO 3 at a constant cell potential of 0.9 V. The electrolytic bath used was of the composition 33.5gl 1 AgCN, 35gl 1 KCNand38gl K2CO 3. At each current density silver was deposited to a thickness equivalent to 3.6 pm. The surface appearance of the deposit was examined under a metallurgical microscope at a magnification of 625 x, and photomicrographs were taken.
Results

Morphology
3.1.1. At 2 mA cm 2 When silver was deposited at 2 mA cm 2 from the pure bath a polycrystalline deposit was obtained ( Fig. 1) . No appreciable changes in morphology were observed until the chloride ion concentration was increased to 10 ~ mol 1 1 when a ridge type of deposit was obtained. At a chloride ion concentration of 10 3 mol 1-1 a bright deposit was produced (Fig. 2) . Further increase in the chloride ion concentration to 10 1 mol 1 1 resulted in dendritic growth (Fig. 3) . 
At 5 mAcm
2 A fine-grained polycrystalline deposit was obtained when silver was deposited from the pure cyanide bath. An increase in the chloride ion concentration in the bath from 10 10 to 10 7 mol 1 1 resulted in a nonuniform deposit with irregular pyramids (Fig. 4) . The number of pyramids increased with increasing chloride ion concentration. At 10 ~ mol 1 ~ C1 the deposit contained more numerous pyramids on a polycrystalline background (Fig. 5) . 
At 10 mA cm 2
The morphology of the deposit obtained at 10 mA cm 2 from a pure cyanide bath was almost the same as that obtained at 5 mAcm 2 in the presence of 10 4 mol 1 l C1 (Fig. 6 ). In the presence of chloride ions the pyramidal growth became fern like, resulting in a rough deposit (Fig. 7) . At 10 5 tool 1 1 (~J1 the deposit was rough and non-uniform as a result of cathodic hydrogen evolution. 
At 15 mA cm 2
Cathodic hydrogen evolution was observed at 15 mA cm 2 when silver was deposited from the pure bath. The presence of chloride ions accelerated the process, resulting in a nodular spongy non-uniform deposit.
Overpotential
The overpotential remained steady with time both in the pure solution and in the presence of chloride ions at all current densities. The overpotential was higher for a higher chloride ion content in the bath at all current densities but remained steady with time. A fine-grained polycrystalline deposit was obtained when the overpotential was either equal to or less than 0.25 V. When it was greater than 0,25 V the deposit obtained had irregular pyramidal growths. With further increase in the overpotential the number of pyramids increased and when the overpotential exceeded 0.8 V cathodic hydrogen evolution was observed. From the Tafel curves (Fig  8) it can be seen that the addition of chloride ions to the cyanide bath can alter the i 0 and b values, indicating a change in the growth rate. 
Discussion
Ag(CN)2 is discharged at silver electrodes via two mechanisms. The rate-determining step at lower concentrations of cyanide is AgCN+e ~ Ag+CN whereas at higher concentrations of cyanide we have Ag(CN) 2 +e --*Ag+2CN
In the present situation only the second mechanism occurs because there is excess cyanide in the bath, and the added chloride ions may alter the activity of the Ag(CN)2 ions. The chloride ion will have a higher mobility (because of its small size) than the Ag(CN) 2 -ion and so will be more easily transported towards the electrode, resulting in a slower diffusion of Ag(CN) 2-. In the presence of excess cyanide the silver cyanide complex has a chain structure with twofold coordination, and chloride ions may accumulate along the end near the metal-solution interface, resulting in an increase in overpotential. This may alter the activity of the Ag(CN) 2-, changing the diffusion and incorporation of adions and hence the growth habit and exchange current density. Chloride ions may be adsorbed on the surface of the metal owing to its high polarization, and this may result in growth habit modification. At 15 mA cm 2 the overpotential in the pure bath is more than 0.8 V and causes cathodic hydrogen evolution. The addition of chloride ions increases the overpotential to 0.8 V even at 10 mA cm 2, resulting in hydrogen evolution at the cathode.
